Abstract: Nanotechnology is widely adapted in many industries for various applications such as manufacture of computer disks, semiconductor devices, medicine, biotechnology and so on. To manufacture such systems, nanopositioning stages are extremely critical as they deliver accuracies up to a few nanometres required in such ultra precise process. Nanopositioning stages are widely used as positioning systems in nanotechnology applications such as lithography, high-end microscopes, testing equipments, etc. The proposed work is aimed to design, fabrication and implementation of closed loop three directional flexure-based nanopositioning stage with improved positioning accuracies. The main challenge for designing a nanopositioning system is to minimise the non-linearities, cross-talk and hysteresis to achieve nanometric motions and to provide high bandwidth for scanning operation through closed loop operation. The static and dynamic testing results of nanopositioning stage shows that system can be used for high speed scanning applications.
Introduction
Currently, nanotechnology has been applied to many industries for various applications from computer disks, semiconductor devices, medicine, biotechnology and so on. In this broad field of nanotechnology, from micromanufacturing to scanning probe microscopes (SPM), nanopositioning capabilities with high speed and nanometric accuracy of motion are required. High precision and positioning performances are extremely important along with the rapid growing of semiconductor, MEMS (Micro-Electro-Mechanical Systems) and precision manufacturing process.
Nanopositioning systems are macro-scale mechatronic motion systems capable of nanometric precision, accuracy, resolution and are therefore vital to scanning probe-based microscopy, nanoscale manipulation and manufacturing. Flexure-based piezo-actuated nanopositioning stages are used as nanopositioning systems because they have several advantages including high resolution, fast dynamics, compact size and simple mechanical structure. One of the major drawbacks of flexure-based piezo-actuating stage is small range of motion. To overcome this drawback, most conventional flexure-based nanopositioning stages use serial combinations of motion guide and displacementamplification mechanisms. An amplification mechanism integrated with the conventional flexure shows very convenient for control.
The challenge in flexure mechanisms are not only the creation of a multi-axis (three-axis) flexure mechanism, capable of producing nanometric accuracy, resolution and repeatability in their motion, but also the range of motion should be high with minimum unwanted motion in other axes and also integration of servo controller to get closed loop controlled motion of the stage. Tang et al. (2012) proposed micro/nanopositioning stage with modified lever displacement amplifiers, which can be selected to work in dual modes. The established models for the mechanical performance evaluation in terms of statics, dynamics and workspace are validated by finite-element analysis. The closed-loop control results based on simulation and prototype indicate that the two working natural frequencies of the proposed stage are approximated to be 805.19 Hz and 811.31 Hz, the amplification ratio in two axes is about 4.2, and the workspace is around 120 × 120 µm 2 , while the cross-coupling between the two axes is maintained within 2%. Patil and Kavade (2012) proposed planar flexural mechanism which is the best suitable candidate for high precision, high-speed scanning applications. The standard parallelogram and double parallelogram flexure module are used as a constraint building block and its force-displacement characteristics are employed mathematically for predicting the performance characteristics of planar flexure mechanism design. Yong et al. (2012) proposed advances in mechanical design and control of dynamic effects and non-linearities, in the context of high-speed nanopositioning. These nanopositioners are designed to move samples with sub-nanometre resolution with bandwidth in the kilohertz range. Emerging applications for high-speed nanopositioners include video-rate SPMs and high-throughput probe-based nanomanufacturing and nanometrology. A survey of control techniques, including model-based feed-forward and advanced feedback controllers, commonly used to achieve high-precision high-speed positioning was presented. Emerging trends and challenges such as dual-stage lateral scanners and advanced materials that offer enhanced mechanical performance has been discussed. Kim et al. (2011) talked about flexure-based piezo-actuated nanopositioning stages and overcome the problem of small range of motion. The mechanism has a skewed double-compound parallelogram structure that functions both as a motion guide and a displacement amplification. Yong and Reza Moheimani (2010) illustrate design and characterisation of a fast flexure based, parallel-kinematics XYZ scanner for atomic force microscopy. The author has optimised the scanner's design in order to achieve high resonance frequencies. A 3.5 × 3.5 µm image of a calibration grating was successfully recorded up to a scan speed of 625 Hz in open-loop. The scan rate can be further increased by means of feedback or feed-forward control. The device outperforms commercial AFM scanners that typically work at scan frequencies below 20-30 Hz. FE simulations show that the resonance frequencies of the X and Y axes appear at 20 kHz which is different from the experimental results. The 10 kHz resonant peak was arisen from the base which was not properly simulated in the initial FE model. The base will be redesigned in the near future to achieve higher scan rates. Li and Xu (2009) proposed a concept of totally decoupling is proposed for the design of a flexure parallel micromanipulator with both input and output decoupling. By employing (double) compound parallelogram flexures and a compact displacement amplifier, a class of novel XY TDPS with simple and symmetric structures are enumerated. The kinematic and dynamic modelling of the manipulator are conducted by resorting to compliance and stiffness analysis based on the matrix method, the dimension optimisation is carried out by means of particle swarm optimisation, and a prototype of the optimised stage is fabricated for performance tests. Schitter et al. (2006) illustrate design and modelling of a high-speed scanner for atomic force microscopy. The lowest resonance frequency of this scanner is above 22 kHz. The X and Y scan ranges are 13 µm and the Z range is 4.3 µm. The focus of this contribution is on the vertical positioning direction of the scanner, being the crucial axis of motion with the highest bandwidth and precision requirements for gentle imaging with the atomic force microscope. He proposed a design with a simplified mathematical model of a high-speed scanner for an atomic force microscope. The model obtained from first principles gives a good basis for implementing a model-based controller for better control performance and an observer for more accurate conversion of the control action into the topography signal.
Literature review
Awtar and Slocum (2005) proposed design and test results of an XY flexure stage with large ranges of motion and substantially small error motions. The flexure topology is conceived by means of a systematic and symmetric arrangement of double parallelogram flexure modules. Dynamic, thermal and sensitivity analyses along with further stage characterisation are currently being pursued. Also, the proposed flexure stage and some of its variants are being developed for applications in nanopositioning for molecular level experiments, meso-machining centre, and MEMS devices.
In the above study, there are several parallel kinematic flexure mechanisms have been presented, but researchers did not furnish all the desired requirements of nanopositioning stage. In this paper, a novel parallelogram-based flexure mechanism that meets the major requirement of nanopositioning stage is presented.
The design used here is parallelogram mechanism that has flexure at one end of the mechanism. The beams in the parallelogram mechanism provide the high structural stiffness, while the flexure hinges help to reduce the undesired stress concentration at the end of the beams. With similar dimension of the flexure, the bandwidth of the present design is much larger than that in the mechanism having flexure at both ends. The unwanted (parasitic) motions are also significantly lower than those from the flexure at both ends of mechanism. The spacing between the beams is also optimised in this design to obtain the less displacement loss.
Objective
Design and implementation of a closed loop system for three directional flexure based nanopositioning stage for the specification as tabulated in Table 1 . The flexure mechanism has been designed for minimum cross-axis motion errors, large range of motion with higher resonant frequencies. The non-existence of moving and sliding joint supports in providing repeatable and smooth motion without any wear, backlash and friction during motion of the stage. Design based on parallel kinematic configuration was taken up in order to achieve high mechanical stiffness, better motion accuracies and higher resonant frequencies. This was achieved using flat beam-based flexure mechanism. The mechanism is driven by a piezo-actuator to attain the desired motion range. However, the stroke of the mechanism is limited by the piezo-actuator range. To provide proposed motion range a lever-based amplification mechanism has been incorporated. The XYZ positioning stage consists of monolithic structure for XY flexure stage and Z flexure stage. The Z mechanism is assembled perpendicular with the central platform of XY mechanism. The CAD model of the mechanism is as shown in Figure 1 . The XYZ stage includes flat beam with two identical sets of beams and lever-based amplification mechanism are used to provide longer motions. The designed mechanism has been analysed using Ansys software with solid-20 node 186 elements (three-dimensional second-order elements). Finite-element analysis for the model was carried out to analyse the maximum structural displacement, stress distribution and cross-axis motion errors using linear static analysis. During linear static analysis mechanism was constrained for both in plane and out of plane movements and displacement was applied at the end of displacement amplifier. The displacement loss of the mechanism is 1 µm. The dynamic behaviour of the mechanism was also analysed such as natural frequency, mode shapes of the mechanism were studied using dynamic analysis and results first natural frequency of 426 Hz in X and Y direction and 615 Hz in Z direction as shows in Figure 2 The main requirement for selecting the material for nanopositioning stage is high-specific strength and low thermal coefficient. The most commonly used materials for nanopositioning stage are Aluminium Alloy 7075, Invar 32-5 and Titanium alloy grade 5. Among the three materials, Titanium alloy material has been selected because of its high specific strength and comparatively low thermal coefficient. The mechanism was fabricated using Titanium alloy as shown in Figure 3 . The manufacturing process flow has depicted below. 
Testing and assembly of nanopositioning stage
The testing of nanopositioning stage has been carried out by testing the sub-systems such as piezo-actuators, capacitive sensors and flexure mechanism individually for range, resolution and linearity.
Piezo-actuators and capacitive sensors testing
The piezo-actuators are used for driving the flexure guide of nanopositioning system. The measurement such as range and non-linearity of piezo-actuators has been measured using dial gauge as shown in Figure 4 (L). The capacitive sensors are used as a feedback device for nanopositioning stage, because of its resolution and its dynamics. The testing of capacitive sensors is carried out on a precision machine using aerostatic slide with resolutions down to nanometres and accuracies down to sub-micrometers as shown in Figure 4 (R). The range of piezo-actuators is 60 µm for X and Y direction and 15 µm for Z direction. The capacitive sensors have a range of 100 µm for X and Y direction and 50 µm for Z direction. The non-linearity results of piezo-actuators and capacitive sensors are tabulated in Table 2 . The piezo-actuators exhibit more non-linearity error because of its inherent properties of PZT material. The assembled nanopositioning stage has pre-loaded piezo-actuators fitted with no clearances be present among actuators and the mechanical stage. Two plate capacitive sensors were mounted onto the nanopositioning stage to measure displacements in X, Y and Z axis of flexure stage. The pictorial view of the assembled mechanism with actuator and sensors is as shown in Figure 5 . 
Configuration and integration of nanopositioning stage
The configuration of the nanopositioning stage has been carried out for range settings of piezo-actuators, capacitive sensor gap adjustments, notch filter settings, proportional and integral gain settings, direction settings to achieve the desired specifications as proposed.
Frequency response function (FRF) measurement
The frequency response function (FRF) measurements were carried out using frequency analyser along with in situ impact hammer and accelerometer. The test has been carried out on flexure stage assembled with piezo-actuators and capacitive sensors in X, Y, and Z directions to measure the natural frequencies as shown in Figure 6 . On the basis of the measured natural frequencies shown in Table 2 , the driving signals are limited to 1-10% of the resonance frequency. The natural frequencies and coherence results of a nanopositioning stage has been shown in Figures 7 and 8 and also tabulated in Table 3 . The results show that the developed nanopositioning stage can be used for high bandwidth nanopositioning applications. 
Open loop testing
The open loop testing has been carried out using dial gauge by applying the high voltage through control input. Piezo-electric stack actuators display a significant hysteresis in the transfer function from the applied voltage to the resulting displacement. In dynamic applications, hysteresis is considered the foremost limitation to performance. It leads to poor positioning accuracy, poor repeatability and mixing of harmonic content into the displacement response. The open loop testing shows that the amplification factor of 1.13 for X axis, 1.1 for Y axis and 1.1 for Z axis has been achieved for lever amplification mechanism. The developed flexure mechanism follows the inherent characteristics of piezo-actuator, which exhibits non-linear characteristics like hysteresis, non-linearity as shown in Figure 9 and Table 4 . 
Resonance frequency
The developed nanopositioning stage is used for scanning applications hence dynamic testing of nanopositioning stage is very important. The dynamic testing is carried out by finding the resonant frequency of the positioning stage. This is measured using cathode ray oscilloscope (CRO) by applying the square wave with frequency 10 Hz and amplitude 1 Vpp to the control input with servo off condition as shown in Figure 10 . The measured resonant frequencies for X and Y axis are 830 Hz and 887 Hz, respectively. After identification of the resonant frequency, notch filter range is set to suppress the resonant frequency which makes system more stable. The notch filter range has been adjusted to 270-950 Hz. 
Closed loop operation
The block diagram describes about the closed loop operation for the developed nanopositioning system as shown in Figure 11 . 
Servo tuning
The servo-loop logic compares the control voltage input and the position sensor signal to generate the power amplifier input control signal. An analogue proportional-integral (P-I) algorithm is used to maintain a closed loop operation. Slew rate limitation insures that the output signal slope does not exceed the following capability of the power amplifier. The notch filter is used to damp out oscillation at the resonant frequency of the mechanics. The servo tuning is carried out to improve the system performance like better damping, improve system response and setting times with less overshoot.
System performance tests
The system performance tests such as resolution, linearity, crosstalk, repeatability and drift measurements have been carried out to study and review, being the performance results will directly influence on the imaging applications.
Resolution test
The nanopositioning stages are widely used as nanometric point to point motion systems in many applications as discussed in the literature survey. The resolution has been tested using external capacitive sensors and the results have been shown in Figure 12 and Table 5 . 
Linearity measurement
Non-linearity, non-linear behaviour between the applied electric field and the mechanical displacement of a piezo-electric actuator, is believed to be caused by irreversible losses that occur when similarly oriented electric dipoles interact upon application of an electric field. The non-linearity error of nanopositioning stage is 2.5% for X, Y and Z axis of overall range as shown in Figure 13 .
Repeatability test
The open loop repeatability is about 0.7 µm and closed loop repeatability is less than 0.1 µm for the developed nanopositioning stage as shown in Figure 14 . The repeatability is purely depends on the environmental conditions and equipment noise. 
Cross-talk measurement
The major constraints for the three axes flexure-based designs are cross-talk between the axes. The cross-talk plot shown in Figure 15 shows that 0.7 µm in X axis for a full range of motion in Y axis. The cross-talk measurement results are 2-3% for the overall range as mentioned below:
XY axis
• Cross-talk in Y direction during X motion is 2.4 µm.
• Cross-talk in X direction during Y motion: 1 µm.
YZ axis
• Cross-talk in Y direction during Z motion: 0.1 µm.
• Cross-talk in Z direction during Y motion: 0.1 µm.
XZ axis
• Cross-talk in X direction during Z motion: 1.9 µm.
• Cross-talk in Z direction during X motion: 1.1 µm.
Figure 15
Cross talk measurements of a nanopositioning stage
Drift measurement
The piezo-actuator properties are temperature dependent. The displacement sensitivity would result in a drift of 0.4% of the full range per degree temperature of drift. This is vastly more significant than the drift due to mechanical thermal drift. Such temperature dependence, limits the use of piezo-electric transducers as calibrated force or displacement actuators. On the basis of the drift measurement the developed nanopositioning stage is good for fast scanning motion rather than point to point motion at lower speeds as shown in Table 6 .
High speed operation
The nanopositioning stage has been tested for its dynamic motion up to 20 Hz in unidirectional and 15 Hz in bidirectional scanning motion for a displacement of 15 µm in X-direction and 25 µm in Y-direction as shown in Figure 16 . The positioning error of the nanopositioning stage is negligible up to 15 Hz for amplitude of 10 µm in X-Y scanning motions. 
Conclusions
The three-directional flexure-based nanopositioning stage has been designed, fabricated and tested effectively with minimal cross-talk, achieved better accuracies with nanometric resolutions. The closed loop operation has been implemented to overcome the inherent characteristics of piezo-actuators such as hysteresis, creep, non-linearity and thermal drift. The developed stage has achieved motion range of about 68 × 68 × 15 µm and resolutions down to 1.2 nm. The static and dynamic tests of nanopositioning stage show that the developed nanopositioning stage can be used for high bandwidth point-point motions and scanning operation. On the basis of the dynamic testing results, it is proposed to use the nanopositioning stage for scanning probe microscopes for long range motions.
